ABSTRACT
INTRODUCTION
Efficiency is the goal, the postulated state of the technological energy, allowing estimation, optimization, modernization, innovation: ideas, constructions and processes: generation, use, power and decommissioning, by comparing the benefits and expenditures in their life cycle.
For the purposes of this paper, the benefits of offshore wind power (EW) include, inter alia, a product of power and energy, financial revenues, reduction of emissions to the marine environment, diversification of energy sources, development and activation of the environment, and other potential benefits which cannot be determined today [2, 11, 13, 17, 24] .
On the other hand, the costs of the operation included damage to the marine environment, energy consumed throughout the life cycle, incurred financial expenditures, harmful social outlays and potential costs that are currently unknown [10, 11, 34] .
The benefits and costs of action are divided into rational and irrational, measurable and immeasurable, actual and potential. Such comparisons can be made in many ways, but it is important to create a model that enables the analysis, evaluation and development of energy efficiency using expenditure and emissions throughout the life cycle [10, 11, 17, 18] . From the literature analysis of the subject comes the conclusion that there are no studies on the modeling of energy benefits from the emission of harmful gases as an outlay for obtaining these benefits [6, 10] .
In light of the above findings, the objectives of the study were: 1. To develop a mathematical model of the cost-effectiveness of the outlay for the design, manufacture, use, and disposal of offshore wind power (EW) power plants; 2. Experimental determination of the influence of selected management methods, use time and maritime location, i.e. average annual productivity of wind power plants influence on energy efficiency benefits from greenhouse gas emissions. Problems: In order to achieve the objectives of the study, it was proposed to formulate the following research problems: 1. Taking into account such variables as: design, manufacturing, use and management, is it possible to develop an adequate mathematical model of energy efficiency (energy production) from CO 2 emissions for the analysis, evaluation and development of marine EW? 2. What are the effects on the energy production efficiency from CO 2 emissions for EW offshore wind farms coming from: -power uses, -expenditures (emissions) during the design, manufacture, use and development of offshore EW potentials, -ways of utilizing post-use offshore EW potentials, -usage time of offshore EW, -maritime location, i.e. average annual productivity of offshore EW.
MATHEMATICAL MODEL
General assumptions: the basis for developing the mathematical model of energy efficiency of offshore EW for the purposes of design, manufacture, use and management were the assumptions of the general equation of development. The equation of the development of the renewable energy source efficiency according to the benefits and expenditures of energy, economy and ecology is [5-11, 17, 18, 29-34] :
where:
H -performance characteristics as output quantities (efficiency, process harmlessness, power and electricity quality, CO 2 emissions), (1) (model) describes the properties of the processing process, its physical characteristics, specific to the class of activity. These properties depend on the elements E 1 , ... , E m , relationships (relations) between these elements R 1 , ... , R n and are functions Θ and t (time of operation and dynamic process). The unknowns are the elements of the set characteristics of the inputs processes for the preparation of elements for use of offshore EW in accordance with the conditions and purpose, development and the advantages of the use of energy H as the response variables, which determine the effectiveness evaluationlack of uniformity and inefficiency, the variable efficiency, unwarranted consumption and nature power, internal energy consumption, construction and operating materials etc.
The right side of the equation (1) is a description of internal and external interference. They may depend on: the developmental form of the interaction, the control by the signals from the s set (storage, recycling), interactive interaction, interaction of elements (material, machine, conversion process, conditions, marine environment, construction, ...), tensile-tension impact (associated with potential difference), which is the cause of compensatory processes; It may also occur as a disturbance of the system as expressed by z.
Taking into account the specific characteristics of the U benefits and the outlays N of using and operating wind turbines, equation (1) takes the form:
Starting from the descriptive definition of efficiency, the formal form of the indicator can be given as the quotient of the utility U (t) to the directly incurred expenditure N (t) related to the time of action [17, 29] :
The values of U (t) and N (t) denote the values of the obtained positive and negative flows -the expenditures spent up to the time t from the beginning of the operation (t = 0).
The function N (t) in time interval (0, t) is a non-temporal function, i.e. in every elementary interval (Δt or dt) elementary value of inputs [17, 24] :
is not less than zero, and the value of the function N (t), depending on whether the function n (t) is continuous or discrete, is determined from the relation:
The use function of offshore wind power plants U (t) in the given time interval can take both positive and negative values and its values based on the values of the elementary functions
depending on its form (continuous or discrete), was determined from the dependence:
In this consideration, the term "outlay" was defined as part of an engineering resource, i.e. energy-material-informationtime, spent in a given activity [1, 3, 10, [13] [14] [15] [16] [17] [18] . This can be expressed in different components in different units [26, 31] .
The useful effect of off-shore wind power is interpreted as the part of the effect (effect, product) of the activity which has utility adequateness and which is the target of action, and the side effects of the action and its effects are subject to considerations of destructiveness [6, 18, 29 ] .
It has been assumed that the time interval Δt, in which the operation of the test object and analysis is considered, tends to zero. The momentary efficiency of the energy system is therefore the limit value of the change in effect Δt by the increment of inputs ΔN in the time interval Δt when Δt tends to zero, in the form:
assuming that the interval is large enough, i.e.
, then the equation of instantaneous energy efficiency takes the form:
Utilization quotient of the benefits U (T) achieved in finite time interval T by N (T) expenditure incurred at this time is the mean efficiency.
Assumptions of analysis, evaluation and development: Efficiency in the construction and operation of energy machinery is a feature that expresses the rational ability of systems to meet specific needs, desires for human well-being, their functionality, product quality, product harmony and the process of action (attainment of intended goals, according to purpose and requirements).
For the evaluation of production, operation and decommissioning of offshore wind farms in the life cycle the integrated indicator of the efficiency benefits incurred from the creation to elimination i.e. renewable energy source, has been defined in the form: (10) where: For the considered offshore wind power plant, it is assumed that m W and m Z are constants, whereas U i and N i are random values. It is also assumed that U 1 , U 2 , … have the same distribution, and N 1 , N 2 , … have the same distribution, and that U 1 , U 2 , … are independent, and N 1 , N 2 , … are independent. For the purposes of the analysis, the assumption is that both U 1 and N 1 have normal distributions with known mean and variances. So:
-means normal distribution, μ -is the average benefit generated during the year of use, σ -is the standard deviation of the benefits generated during the year of use, m -is the average amount spent during the year of use, s -is the standard deviation of expenditures spent during the year of use.
Notes:
1. In this paper, benefits and expenditures are considered in one year because the research facility has annual, comparable, repeatable cycles of activity. By dividing the numerator and denominator by t in equation (11), we obtain that (12) where: (13) are the average of generated benefits and average generated emissions (spent outlays) per year over the t years of use of offshore EW. The distributions and are known:
Justifying the choice of a normal distribution the consideration was carried out based on Figure 1, a) density f, b) the survival function F random size X of an average a and standard deviation d. To determine the probability that X reaches a value that is equal to or greater than a given value x, the field under density is determined/counted on the right of x and the value F for x: (15) In this case, it is characteristic that the normal distribution considered is a "light tail" distribution, i.e. X is reluctant to take values far from the mean a. E.g.:
The considered integrated efficiency index of the test object E (t) is the quotient of two variables with normal distributions. So constructed random value has so called double unoccupied student distribution. This distribution is very complicated and difficult to use. In particular, there is no formal so called expected value , which would naturally define the property E (t). Therefore, in this paper, simplification is defined by the range to which E (t) belongs with probability very close to one.
From (16) it has been concluded that:
From inequality (19) it is therefore apparent that the
So if σ is much smaller than μ, and s is much smaller than m + (m W + m Z )/t, then with probability very close one, it can be written approximately that the integrated efficiency index of the test object is:
CASE STUDY
The integrated efficiency index of the offshore EW expenditure defined as electricity production efficiency from greenhouse gas emissions: a 2 MW wind turbine, a 90 m blade diameter, installed on a 105 m tower at a location for the integrated efficiency sea location. An integrated indicator of the efficiency of electricity production from CO 2eq emissions was defined. On the basis of the previously presented dependency, the integrated index of the efficiency of the production of electricity from CO 2eq emissions can be written as: The wind farm researched was started in 2012. The average annual production in the long run was determined on the basis of three years of production. CO 2eq emissions in the life cycle were determined using the LCA method using CML modeling. For this purpose SimaPro 7.1 software was used. The results of the study were based on criteria designed to develop the mathematical model of energy efficiency of offshore wind farms and to determine the impact of selected wind farm development methods on useful energy benefits and integrated CO 2 emissions.
The obtained results of the model variables of the integrated ecological efficiency model CO 2eq are presented in Table 1 . On this basis, an integrated ecological efficiency of CO 2eq emissions was established for the 25-year cycle of use with the production and end-use of E S (25) and E R (25) recycling. The results are presented in Table 2 . It also includes the comparison of the values of the integrated ecological efficiency of conventional power plants with CO 2eq emissions for [10, [19] [20] [21] [22] [23] :
-hard coal, -brown coal, -heating oil, -natural gas.
The combined environmental efficiency of an off-shore wind power plant with CO 2eq emissions compared to a conventional coal-fired power plant in an estimated 25-year operating life with potable landfill disposal is 9.93 times higher. However, when managed through recycling -16.8 times higher. Integrated ecological efficiency of CO 2eq emission for the production of electricity from fossil fuels (natural gas) -MWh·Mg CO 2eq 4,96* * calculated on the basis of data [10] Integrated off-shore wind power plant efficiency with CO 2eq emissions compared to a conventional lignite-fired power plant in an estimated 25-year operating life with a potential utilization of storage capacity is 10.68 times higher. On the other hand, utilization by recycling -18.08 times higher.
The values of the integrated environmental efficiency of offshore wind power installation with CO 2eq emissions in comparison with a conventional power plant utilizing oil or natural gas attain slightly lower values.
A comparison of these data shows the high possibility of reducing CO 2eq emissions by designing, manufacturing and using off-shore wind power plants, replacing fossil fuel energy from offshore wind power.
As the integrated ecological efficiency of CO 2eq emissions in the life cycle largely depends on the length of the operation phase. Figure 3 illustrates this dependence on the offshore wind farm, taking into account storage and recycling at the post-disposal stage, and uncertainty resulting from a forecast of productivity and consumption of energy and materials in use. Figure 3 also shows the effectiveness of CO 2eq emissions for the production of electricity from hard coal and natural gas (2.90 for hard coal, 4.96 for natural gas respectively). The increasing value of the integrated efficiency index from CO 2eq emissions as a function of the time of use for various off-shore utilization patterns of the analyzed off-shore wind turbine of μ = 5118 MWh · year -1 indicates the growing operational potential of offshore wind turbines, even over 25 years of use.
The equations of the lines shown in Figure 2 are mathematically described in Table 3 . The values of the integrated energy efficiency index from CO 2eq emission are given for the analyzed, rated offshore wind turbine as average, minimum and maximum values for recycling and post-use management. The installation of a wind power plant also has a significant impact on the integrated ecological efficiency of CO 2eq emissions in the life cycle, and thus the average annual energy output. Figure 3 illustrates this relationship for the various post-use uses and duration of use. The effectiveness of CO 2eq emissions for the production of electricity from hard coal and natural gas has also been emphasized. The equations of the lines shown in Figure 3 have the mathematical form as described in Table 4 
SUMMARY AND CONCLUSIONS
In the light of the assumptions, results of research and accompanying calculations, analytical and research work was carried out to solve the problems formulated to achieve the objectives of the article by:
1. the solution of the first problem is the development of an adequate mathematical model for the efficiency of electricity production from CO 2 emissions for the purposes of analysis, evaluation and development of marine EW. The model incorporates variable indicators, supporting the design, manufacture, use and management of post-use potentials. 2. the solution to the second problem is to determine the experimental impact of the selected management, use and location, i.e. the average annual productivity of offshore wind power plants, on the energy benefits of CO 2 emissions. It was found that the efficiency of electricity production from CO 2 emission is influenced by the following factors occurring in the offshore EW: a) methods of post-use management; For two ways of managing post-use management (storage, recycling), the more favorable values of the efficiency index were obtained for recycling.
Using the recycling for the tested EW and its useful life for 25 years, the CO 2eq energy efficiency index is E R (25) = 49,73, and using storage E S (25) = 29,38 The EW offshore efficiency rating for CO 2eq compared to the conventional coal-fired power plant in the estimated 25-year lifetime for storage capacity is 9.93 times higher (Table 2) Choosing a location is crucial for achieving high electricity production from CO 2eq emissions. For comparison, if we assume that the operating life is 25 years, these rates, with a fluctuation in annual productivity around μ = 5118 by 5118 by ±10%, are respectively:
, ,
, .
Compared to the results obtained, there is considerable potential for reducing CO 2eq emissions from the design, manufacture and operation of offshore wind farms, replacing fossil fuel energy with offshore wind power.
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